To meet severe requirement of recent large and precise space structures, extremely high structural shape stability on orbit is needed. The low thermal deformation is one of the most important characteristics. This paper describes a novel technique for spacecraft's thermal deformation test on the ground. The required measurement accuracy in the test becomes higher and higher depending on the required structural shape stability. In the proposed test technique, the heat load is applied rapidly and locally to shorten test time. Due to the short test time and restricted applied heat load, the environmental changes are suppressed. As a result, good measurement accuracy can be achieved. Furthermore, the transitional thermal deformation is measured continuously so that we identify the cause of thermal deformation through the correlation between temperatures and measured deformations. The effectiveness of proposed technique is shown through the test results of ASTRO-H which is a next X-ray observation satellite.
Introduction
Recent requirements for large and precise space structures become more severe to achieve the forefront of science and technology [1] [2] [3] . To meet the requirements, high structural shape stability on orbit is needed. However there are a lot of harmful causes against the shape stability as shown in table 1. The low thermal deformation is one of the most important characteristics to realize such large and precise structures 4) . Because the thermal deformation is evaluated by numerical analysis before launch, the validity of the mathematical model of the analysis is very important. To verify the validity, thermal deformation tests on the ground are carried out. However, the required measurement accuracy becomes higher and higher depending on the required structural shape stability. In the case of ASTRO-H which is a next X-ray observation satellite ( Fig.1 ) 5) , the thermal deformation during ground test should be measured in error by less than 5 micro-meters and 2 arc-seconds although its size is about 10 meters. To perform the thermal deformation test with high accuracy, we developed novel technique. The technique was partly applied to the thermal deformation test of ASTRO-H carried out in May 2012. This paper reports the summary of technique and the test results. 
Novel Technique for Spacecraft's Thermal Deformation Test Based on Transient Phenomena

Concept of the novel technique
In the conventional thermal deformation test of spacecraft, the displacement between initial state and deformed state in thermally equilibrium state is measured and evaluated as shown in Fig.2(a) . To obtain the equilibrium state, test duration of the order of hour is need typically. Such long test duration easily leads to undesirable environmental changes such as fluctuation of room temperature and thermal deformation of jigs. The undesirable environmental changes make the accuracy of measurement system worse. For example, if the jigs which fix the spacecraft and sensors deform, the deformation of jigs affects the measured displacement values. We cannot distinguish whether the measured displacement values are caused by thermal deformation of spacecraft or jigs in this test technique. Furthermore, the partially heating of spacecraft is difficult because of the heat transfer in the case of long test duration. However, the partially heating is effective to identify the sensitive parts in spacecraft for thermal deformation and to obtain valuable test data for correlation of mathematical model.
In the proposed technique for thermal deformation test, there are two key points as follows (Fig.2(b) 
Case study through numerical simulation
In this section, a numerical simulation of thermal deformation of a truss structure is shown as an example to show the function of proposed test technique. The constants of truss structure (Fig.3 ) and simulation parameters are summarized in table 2. Please assume that the element 1 corresponds to the jig to fix spacecraft and elements 2-6 corresponds to spacecraft. Thermal equation used in the simulation is as follows:
where subscript i means element number, m i is mass, C p_i is specific thermal capacity, T i is temperature, C ij is coefficient of thermal conductivity against element j, is emissivity, is Stefan Boltzmann Constant, A is surface area, T ex is environmental temperature and q i is heat input. In Fig. 4 , the index of temperature corresponds to the index of element. Because heated duration is restricted, only the temperatures of heated elements rise quickly and the temperature change of jig is kept within 0.3K before t = 100 [s]. After t = 100 [s], the temperatures of heated elements decrease by radiation and the temperature of jig rise slightly by heat conduction from adjoining elements. If the measured thermal deformation before t = 100 [s] are used to evaluate, the effect of Jig's thermal deformation is expected to be small. Compared the profile of displacement u3x with the profiles of temperatures, it is confirmed that the displacement u3x is influenced by thermal deformation of not only elements 2 and 5 but also other elements including jig. 
Advanced technique utilizing periodic heating
In this section advanced technique utilizing periodic heating is introduced. If periodic heat inputs are applied to the structure instead of constant ones, we can easily identify which elements affect the measured displacement. By using different period for every element, the effects of multiple elements can be distinguished at only one test. To show the effectiveness of the advanced technique, similar simulation as shown in section 2.2 was carried out. In this case, the following heat inputs q 2 , q 5 were applied:
Time histories of temperatures and the displacements at node 3 are shown in Figs. 6 and 7 respectively. In Fig.6 , Temperatures T 1 ,T 3 and T 4 ,T 6 are overlapped respectively. The correlation between displacements u3x, u3y and temperatures from 2000 to 2400 sec is summarized in table 3. From these results, it is confirmed that the displacement u3x is caused by the thermal deformation of elements 2 and 5. On the other hand, the major cause of displacement u3y is the thermal deformation of element 2. The thermal deformation of element 5 hardly affects the displacement u3y. Furthermore, more quantitative contribution of the each element to the displacement at node 3 can be estimated by applying FFT to the obtained time histories of these data. 
Thermal Deformation Test of ASTRO-H
Overview of thermal deformation test of ASTRO-H
The purpose of thermal deformation test of ASTRO-H is to confirm that the thermal deformation on orbit will be kept within the alignment budget. Through the test, it should be verified that the mathematical model is valid and the spacecraft is manufactured according to the design. In the test, we applied heat to the following three kinds of structural elements:
Structural elements expected as major causes of thermal deformation ( 
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Temperature of the structural elements described above was heated by locally attached heaters up to the expected temperature difference on orbit. Because sunlight becomes from +Y direction (Fig. 8) SXT-I Fig The thermal deformation test was carried out in two steps; STEP1 only lower structure and STEP2 spacecraft without side-panels. Test configurations in STEP1 and STEP2 are also shown in Figs. 9 and 10 respectively. In STEP1, lower structure of the spacecraft was supported from down by jig with only 6 DOFs constraints to avoid over constraint. Laser Displacement sensors (LDs) were fixed to jigs to measure the out-plane deformation from up and down and the in-plane deformation from sides. To evaluate the inclination of the base plate, two mirror cubes fixed on the base plate were also measured by the Auto Collimators (ACs). In STEP 2, the spacecraft was turned over and laid on its side to downsize jigs as shown in Fig.10 . In the following, the results of only typical two cases are shown. 
Test result 1
The test result of STEP1Case1 (heating IF ring) were shown in Fig.11 as an example. The heat load was applied to the lower structure of spacecraft less than 1500 sec. The measured jigs' temperature at 35 points were kept within ±0.1 which are equivalent to the measurement accuracy of thermal logger because of the short test duration. As a result, the good correlation between temperature and displacement can be observed suppressing external disturbance such as jigs' thermal deformation as shown in Fig. 11 . From the result, it is confirmed that the measurement instruments has sufficient accuracy; LD less than 5 micro-meters error and AC less than 2 arc-seconds error. 
(c) Inclination measured by AC. Figure 12 shows the thermal distribution mapped from the measured temperature data at a specific time. Then, Fig. 13 shows the thermal deformation obtained by the analysis based on the thermal distribution shown in Fig.12 . From the results, it is confirmed that the base plate is warped up due to the thermal deformation of +Y IF ring (aluminum). The comparison between test result and analysis is shown in table 6. These results indicate the sufficient agreement between test and analysis. Unit m for LD, arcsec for AC
Test result 2
In the case of STEP1 Case2, extremely large displacements over 10 times compared with the prior prediction by analysis were observed. In this case, only base plate, thrust tube and outrigger should have been heated. However, the air heated by thrust tube filled the inner space of tube where the jig supported spacecraft from the bottom. In addition to it, IF ring was also heated through thermal conduction. Although the thermal deformation of base plate, thrust tube and outrigger made of CFRP is expected to be suppressed, the thermal
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Unit deformation of IF ring made of aluminum is not so small due to the material, aluminum. As a result, such large displacements over the prediction were observed. Figure 14 shows the time history of representative temperatures and measured displacements in normalized form. In Fig.13 , B means base plate, T means thrust tube, O means outrigger, and R means IF ring. The displacement measured by LD has good correlation with the temperature not of thrust tube, outrigger and base plate but of IF ring. As mentioned above, we can identify the cause of thermal deformation by using the developed test technique even if unexpected rise of temperature occurs. 
Conclusions
A novel technique for spacecraft's thermal deformation test on the ground was proposed based on the transient phenomena. Through the numerical simulation and practical test of ASTRO-H, the effectiveness of proposed technique was shown. Because the heat load is applied rapidly and locally, test time is shortened so that the environmental changes are suppressed. As a result, good measurement accuracy can be achieved. Furthermore, because the transitional thermal deformation is measured continuously, we can identify the cause of thermal deformation through the correlation between temperatures and measured deformations.
